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General Introduction 
1. Scope and Background of This Thesis 
This thesis is mainly concerned with three aspects. One bright part in this thesis is 
the !ip-enhanced Ranlan scattering (TERS) spectroscopy was firstly applied on the 
research about the dispersion of single-walled carbon nanotubes (SWCNTs) in 
SWCNT/polystyrene (PS) nanocomposites and etfects of the dispersion on Raman 
bands of SWCNTs from PS. Another one is the investigation on mechanical 
compression transferred from the polymer (PS) to S WCNTs by using Raman 
spectroscopy and infrared spectroscopy. The final one is the study of laser heating 
effect on Raman spectra of multi-walled carbon nanotube (MWCNT) 
Istyrene-butadiene rubber (SBR) nanocomposites by Raman spectroscopy. 
Characterized by both high aspect ratio (length-to-diameter) and low density~ CNTs 
have been considered as ideal nano-tillers or additives for polymer nanocOlnposites. 
Combining CNTs with polymer to form nanocomposites can produce the materials 
which have better mechanical properties than the single polYlner and transform an 
insulative polymer into a conductive polynler. In addition, the CNTs have great 
potential to enhance the mechanical properties of polymer nlaterials. 
An interface of a polymer nanocomposite plays a key role in the study of the 
structure, interaction~ and mechanical properties of the conlposite for understanding 
their properties. Therefore~ it is particularly important to study the interfaces of 
polynler nanocOlnposites. Many new instrunlents and inlportant new theories have 
been established for investigating them. However, nonnal spectroscopic techniques 
do not have enough space resolution to investigate them. In this thesis. both normal 
Raman and TERS spectroscopy, as a powerful spectroscopic tool, were lnainly 
en1ployed to extract important inforn1ation about the structure and interaction at the 
interfaces of CNT-based nanocomposites. 
Raman spectroscopy is an excellent tool for interfacial investigations. It has been 
elnployed to probe interactions between a polymer and CNTs, such as the 
reinforcement n1echanism of CNT-filled polyn1er. connecting Inethod of CNTs and 
polymer. and polyn1er transition behavior. In general, the interactions between a 
polyn1er and CNTs are reflected as Raman peak shifts or changes in the band width. 
Raman spectroscopy can also be effectively used to quantify stress and strain transfer 
from surrounding environments to CNTs. 
Recently. TERS has emerged as an intriguing Ran1an spectroscopic tool that 
combines scannIng probe mIcroscopy and Raman spectroscopy. Compared with 
normal Raman spectroscopy, TERS owns much higher spatial resolution and higher 
sensitivity. A typical interesting feature for TERS is that it allows a Inolecular view 
on small ensembles of molecules or even single molecules. In this thesis, TERS 
spectroscopy is firstly used to extract important information about the structure and 
interaction of interfaces of polymer composites including CNT-based 
nanocOlnposites. 
2. Introduction of CNT -based composites 
a. CNTs: discovery, structure and applications 
The "'birth" of CNTs is generally ascribed to the seminal publication by Iijima in 
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1991. I IIowever CNTs have been around for a n1uch longer tin1e before the report of 
Iijin1a. For example. Radushkevich and Lykyanovich firstly observed these 
ren1arkable n1aterials by experiment in 1952,2 whose work remains largely unknown 
to the scientific comlnunity. Nesterenko et al. reported carbon-based tubular 
nanostructures in 1982. 
The structure. topology and size of CNTs are the premise for outstanding their 
n1echanical properties, fascinating electronic properties, and other promising 
applications. CNTs consist of one or more graphene sheets seamlessly wrapped into 
cylinder-shaped tubes, corresponding to SWCNTs or MWCNTs, respectively, as 
illustrated in Figure 1. The one-dimensional nanostructures endow them with high 
surface area, large aspect ratio and unusual physicochemical properties such as 
excellent electrical and thermal conductivities and mechanical strength. \:4-7 
At the beginning of the twenty-first century. possible applications of nanotubes are 
being explored in medicine, electronics, energy. and polymers.8- 15 CNTs have been 
embedded into various materials to produce con1posites with modified electrical 
conductivity, magnetic properties and optical properties. CNTs are also pron1ising 
candidates as a mechanical reinforcement phase in composite materials. 16- 18 
h. CNT composites and their properties 
Due to its excellent properties as lnentioned above, CNTs have been considered as 
ideal nano-fillers or additives for polyn1er nanocon1posites. Adding CNTs into a 
polymer can largely in1prove its mechanical properties, and turn an electrically 
insulating polymer into conductive composites, even by the addition of a slnall 
amount of CNTs. 19-21 A key parameter for producing high quality nanocomposite 
Inaterials with improved physical properties is the honl0geneous dispersion of the 
individual CNTs. However, the dispersion of CNTs in a polymer systenl is still a great 
challenge because of high Van der Wal interaction between neighboring CNTs and a 
large surface area of the tube.22 Another important requirelnent for a nanotube 
reinforced composite is that external stress applied to the composite as a whole are 
efficiently transferred to the nanotubes, allowing them to take a disproportionate share 
of the load. 16 Moreover, large aspect ratio and alignlnent are also the nlain system 
requirelnents for effective reinforcement. 
Many works have been done on physical properties and structure of CNT -based 
polymer nanocomposites. The potential of CNTs to achieve electrically dissipative or 
conductive composites was first demonstrated by Hypersion Catalysis International in 
their master batches containing MWCNTs. 23 The first reference to the potential of 
CNTs as rnechanically reinforcing fillers for polymers was made indirectly by Ajayan 
el al. in 1994 and directly in 1998 by Wagner et al. working on a composite of 
MWCNTs with an UV cured in-situ polymerized urethane-diacrylate 0Iigomer?4:25 
Kearns e{ aI. studied the mechanical properties of SWCNT/polypropylene 
(SWNT/PP). Mechanical tests in their work show that extrusion produeed 
SWCNT/PP fibres with 1 wt% SWNT have a tensile strength 400/0 higher than pure 
PP. Moreover, the modulus of the composite fibres is 550/0 higher than that of the PP 
fibre. 26:27 In conclusion, nanotubes have great potential to be used as polymer 
nl0difiers to inlprove electric, magnetic and mechanical properties. 
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3. Raman spectroscopy 
Ran1an spectroscopy is a spectroscopic technique used to observe vibrational, 
rotational, and other low-frequency modes in a system. It relies on Raman scattering 
of monochron1atic light usually from a laser in the visible, near infrared, or near 
ultraviolet range. RaInan scattering is the inelastic scattering of light. Figure 2 shows 
an energy level diagram illustrating Raman scattering for one vibration. If photons 
resulting from the return to the original vibrational level have the SaIne energy as 
before, it makes up the elastically scattered (called Raleigh scattered) light. When 
photons resulting from a return to a vibrational level one vibrational quantum are 
higher or one vibrational quantum lower than the original energy level, it makes up 
the Raman scattered photons. For the situation that photons at lower energy than the 
excitation photon energy because one vibrational quantun1 of energy was left in the 
molecule, it belongs to Stokes Raman scattering. On the other hand, for the situation 
that photons at higher energy because a vibrational quantum of energy was taken 
away from the molecule. it belongs to Anti-Stokes Raman scattering produces.28 
The SUln of three tern1S can easily be shown by induced polarizability P of a 
molecule (the case with which the electron cloud can be distorted by an applied 
electrc field E): 
(1) 
Here, Uo is the polarizability at the equilibrium position, Eo is the vibrational 
amplitude, Do is the frequency of the laser, Dm is the vibrational frequency of molecule. 
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(aa/8q)o is the rate of change a with respect to the change in q. evaluated at the 
equilibriunl. According to classical theory, the first ternl represents an oscillating 
dipole that radiates light of frequency Do (Rayleigh scattering), while the second term 
corresponding to the Ranlan scattering of frequency DO+Dm (anti-Stokes) and DO-Dm 
(Stokes). If (8a/aq)o is zero, the vibration is not Raman-active. Nmnely, to be 
Ranlan-active. the rate of change of polarizability (a) with the vibration must not be 
29 
zero. 
Figure 3 silnply illustrates arrangement of Raman spectrometer cOlnponents. 
Generally speaking. the commercially available Raman spectronleter is Inade up by 
five nlajor conlponents: (1) excitation source, which is generally a continuous wave 
(CW) gas laser; (2) sample illumination and scattered light collection systenl; (3) 
sample holdec (4) nl0nochromator or spectrogragh; (5) detection system, consisting 
of a detector. an amplifier and an output device.30 
a. Raman spectra of CNTs 
The Ranlan spectra of CNTs are shown as in Figure 4. For SWCNTs, its Raman 
spectra are composed by four main peaks. A prominent feature is the radial breathing 
nl0de (RBM) in the 160-300 cm- 1 region, associated with a synlnletric nlovement of 
all carbon atonlS in the radial direction. The frequency of the RBM is inversely 
proportional to the diameter of individual nanotubes, and can be expressed by 
WRBM = C/d t (em-i) (C is 248 cnl- 1 mn for isolated SWCNTs)3! Figure 5a 
illustrates the calculated RBM eigenvectors and frequencies for a (10, 10) nanotube 
by Rao e/ al. 
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The second peak, which is observed between 1250 and 1450 cn1- 1, belongs to 0 
Raman band of CNTs. Its vibrational mode is shown in Figure 5b. The 0 band has a 
linear dependence on the laser excitation energy, which has been assigned to be a 
double resonant process involving two resonant electronic states. 33 Figure 5b displays 
single resonant (i----'?a) and double resonant process ((i----'?a) and (a----'?h». The 0 band is 
activated in the first order scattering process of Sp2 carbons by the presence of 
in-plane substitutional hetero-atoms, vacancies, grain boundaries or other defects and 
by finite-size effects, all of which lower the crystalline symmetry of the quasi-infinite 
lattice.2734 The 0 band is most sensitive to nanotube alignn1ent.35 
The third peak in the range 1500-1600 cn1- 1 is called G band. This band exists in all 
graphite materials. The G mode in SWCNTs gives rise to a multi-peak feature, where 
up to six Raman peaks can be observed in a first-order Raman process. However, a 
simple analysis can be carried out considering the two lnost intense peaks, which 
basically originate from the symmetry breaking of the tangential vibration when 
graphene sheet is rolled to make a cylindrically shaped tube. The two most intense G 
peaks are labeled G- (atomic displacen1ent along the circumferential direction) and G+ 
(atomic displacements along the tube axis).33:36 Figure 5c(left) shows the vibrational 
n10de of G- and G+. The lineshape of the G- feature can be used to decide the 
selniconducting and Inetallic SWCNTs, which is broadened for metallic SWCNTs in 
comparison with the Lorentzian lineshape for semiconducting tubes, as shown in 
Figure 5c(right).34 When the tubes suffer the external influences such as temperature, 
pressure. and excitation wavelength, the G band will show a Raman shift. This band 
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can be used to investigate the load transfer of nanocomposites. It is also known as the 
state of tiller dispersion.-~5:37:38 Moreover the intensity ratio of D and G bands yield 
information about the amount of inlpurities and degree of disorder in CNTs, which 
help in the study of crystallinity.39 
The last peak, nan1ed as G' band or 20 band, is identified in the range 2500-2700 
cm-
I
. The SaIne as D band, G' Raman bands of CNTs also depend linearly on the laser 
excitation energy. These bands are not specific to CNTs, they are expected for Inost of 
carbonaceous materials.40 This band is not sensitive to the nanotube alignment but it 
can retlect polymer transition infornlation and has been used to evaluate the efficiency 
t~ t~ b hi' d b 414) o stress trans er etween t e po ymer matnx an nanotu es. ,-
Compared with SWCNTs, for the Raman spectra of MWCNTs, the RBM peak of 
MWCNTs is not easily detected, excepted a good resonance condition is established. 
Moreover. the splitting of G band becomes weak in MWCNTs because of the 
interactions between concentric tubes of ditferent diameters. 
b. Raman spectra of CNT -based composites 
CNTs embedded in polymers may achieve several roles. including use as 
orientation detectors as well as molecular sensors around structural defects and 
reinforcements.43A4 A large amount of research has appeared in the literature over the 
past decade, dealing with possible significant improvements in the mechanical and 
electrical properties of CNT -reinforced polymers. 14;45-53 Anl0ng various tools for 
detecting properties of CNT -reinforced polymers, Raman spectroscopy plays a 
signiticant contribution. It can achieve a number of unique functions to detect 
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CNT/polymer composites. 
One of the most in1portant functions is that Raman spectroscopy con1bined with 
mechanical testing provides a way to probe the aligmnent of SWCNTs in 
composites . .+3A6:52:53 For example~ in the work of Gommans el al. group~ 52 CNTs were 
oriented into bundles by applying an electric field between a carbon fiber and an 
ultrasonicated SWCNTIN,N-dimethylformamide (DMF) suspension, and polarized 
Raman spectroscopy was then used to quantify the alignment of CNTs as a function 
of the angle 8 between the fiber and the polarizer. A combination of solvent casting 
and n1elt mixing was used to disperse SWCNTs in poly(methyl methacrylate) 
(PMMA). and polarized Raman spectroscopy was again used to demonstrate the 
alignment of nanotubes in PMMA. More recently~ Frogley et a1.46 have perfonned a 
thorough study of nanotube aligmnent in polymers using polarized Raman 
spectroscopy, and compared a large amount of experimental results with existing 
n10dels such as those by Saito et a1. 5 I and Gon11nans el al.'+ 7. It was demonstrated that 
a non-resonant theory (Saito~s) gives the most reasonable orientation distribution for 
the tubes. 
Another in1portant function is that Ran1an spectroscopy has been used to probe the 
interaction between polymers and nanotubes in nanotube-based composites.45 :48-50 
Cooper et aI. 50 investigated the deformation micromechanics of SWCNTs and 
MWCNTs with epoxy resin nanocon1posites using Ran1an spectroscopy. According to 
their study, stress-induced Raman band shifts of CNTs showed a stress transfer 
between CNTs and polymer (epoxy), and delnonstrated that the effective modulus of 
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SWCNTs dispersed in the cOtnposite could be over 1 TPa and that of MWCNTs about 
0.3 TPa. Bokobza et aI.45 investigated a strain dependence of MWCNT/SBR using 
Raman spectroscopy and detected a lower wavenumber shift of a G band. which 
indicates a stress transfer interaction between CNTs and the polymer. 
In chapter 1. the mechanism of the shifts in the Raman bands of the CNTs in the 
nanocomposite systetn was analyzed in detail. Mechanical compression of the 
SWCNTs by the PS was considered the tnain reason for the G band shift. I also found 
that the shift of the RBM to higher wavenumber was caused by two factors: a van der 
Waals effect due to separation of S WCNTs and the mechanical compression by the PS 
matrix. In chapter 3. I reported the effects of laser heating on MWCNTs in 
MWCNT/SBR composites. The self-rearranging behavior of the MWCNTs in the 
nanocomposites was investigated by observing laser-induced Raman spectral 
variations. These works show that. since CNTs are sensitive to their environn1ent. 
Ran1an spectroscopy is a useful and reliable tool for the investigation of 
nanotube-polymer interactions and can be used for the research of CNT -based 
con1posites. 
4. Tip-enhanced Raman spectroscopy 
TERS is a very powerful variant of surface enhanced Ran1an spectroscopy 
(SERS).54-56 It operates on all adsorbate/substrate configurations. where the substrate 
may be rough or sn100th, or even single crystalline. and can be either a metal. a 
semiconductor. or an isolator and where the adsorbate mayor may not be in optical 
resonance with the exciting laser line. Due to the strong localization and height of the 
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optical near-fields underneath thc tip, TERS delivers with very high sensitivity, via 
RaInan spectroscopy. chen1ical information on the nanometer scale. 
The crucial part of TERS is the combination of a scanning probe device with a 
Raman spectrograph, where the scanning probe device can be an atomic force 
Inicroscope (AFM) or a scanning tunneling microscope (STM). Figure 6a illustrates 
the schematic diagran1 of TERS. The laser beam is focused at a metal tip with the 
light polarized along the tip axis, and the surface-enhanced Raman scattered light is 
collectcd from the sample in the enhancement zone of the tip by using corresponding 
optics. One of the first TERS experiments achieved this by adapting the inverted 
n10de configuration which involves illuminating samples from below with a tip 
approaching frOln above. 55 While this arrangement has the advantage of high 
collection efficiency, it is lin1ited to the study of transparent samples only. For opaque 
saInpies, the tip and laser beam will have to be introduced from one side or coated 
transparent probes will be used for illumination. 57-59 Figure 6b display a schematic 
diagram of TERS which showing the arrangement of the TERS system in an upright 
configuration. In this design, the laser beam is focused and the scattered light is 
collected by the SaIne objective. In this thesis, the TERS system I used is the same 
with this systen1 in Figure 6b. The TERS tip normally is an AFM tip covered with a 
thin layer of Ag or Au or an STM tip, usually made of a thin Ag or Au wire having a 
sharpened end. The enhancen1ent and spatial resolution of TERS is depended by the 
h d f' I . d 60 S ape an curvature 0 t 1e tIP en . 
Con1pared with nonnal Ran1an spectroscopy, TERS has much higher spatial 
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resolution and sensitivity. A typical interesting feature of TERS is that it allows 
molecular-scale views of snlall ensembles of molecules or even single nl0lecules. 
Thus, TERS has been proved to be a unique tool for exploring very small portions of 
conlplicated Inaterials such as graphene, DNA, and so on.61 -66 Many works related to 
the TERS study of CNTs also has been investigated.59:67-71 For example, Hartschuh et 
al. 67 have shown for the first tinle tip-enhanced Raman images of SWCNTs with 
spatial resolution better than 30 nm. The authors used sharp silver tips as near-field 
probes. The high resolution achieved in these experiments nlade it possible to resolve 
local variations in the Raman spectrum along an isolated SWCNTs, which would 
otherwise be hidden in far-field measurements. Peica et al. 72 reported the local 
character of Raman features of S W CNTs along a bundle by TERS. The result shows 
that Ranlan intensity of G nl0de in TERS is strongly dependent on the height of the 
bundle. The author used TERS to position different SWCNTs along a bundle, by 
correlating the observed RBM with the AFM topography at the measuring point. 
By using TERS spectroscopy, I analyzed the distribution of SWCNTs in the 
SWCNT/PS nanocomposites, the mechanical cOlnpression from PS, and the oriented 
behavior of SWCNTs. The G- and G+ bands of SWCNTs in the SWCNT/PS 
conlposites were detected from point to point which denotes a distribution 
infornlation of SWCNTs in SWCNT/PS system, and suggests Inechanical 
compression varies fronl point to point. The variations in the ratios of G bands (the 
G-/G- ratio and the G+ Ict ratio between the TERS and normal Raman spectra) nlay be 
ascribed to the reason of an orientation behavior of SWCNTs in the SWCNT/PS 
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composites. Interestingly, I also found that in the TERS spectra of SWCNT/PS 
composites, the ct band shows a stronger enhancement than the G- band which can be 
concluded that in TERS, the carbon-carbon vibrations along the axis direction (0+ 
band) are in stronger resonance with laser light than the carbon-carbon vibrations 
along the circumferential direction (CY band) because of the tube structure of 
SWCNTs and the orientation ofSWCNTs on the interface ofSWCNT/PS composites. 
5. Originality and novelty of this thesis 
1. Through analyses of the normal Ran1an spectra of pristine SWCNTs and 
SWCNT/PS nanocOlnposites, determined that when SWCNTs are 
incorporated into the PS matrix, the upshift of cr. G +, and G' of SWCNTs are 
induced exclusively by a mechanical compression transfer from PS to the 
SWCNTs. Interestingly, I found that the upshift of the RBM was dominated by 
two factors: a van der Waals effect due to separation of the SWCNTs and 
mechanical con1pression fron1 the PS system~ 
2. Through the study of normal Raman and TERS spectra of S WCNT/PS 
nanocomposites, I found that the normal Ran1an spectra did not show any 
evident point-to-point variation. In contrast, in the TERS spectra, the 0- and 
G+ bands of SWCNTs show obvious point-to-point variation. This result yields 
information about the distribution of SWCNTs in the SWCNT/PS system and 
demonstrates that lnechanical compression of the SWCNTs by the PS varies 
fron1 point-to-point. An orientation behavior of SWCNTs in the composites 
was reflected by a change of the intensity ratio of 0 bands between norn1al 
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Raman and TERS speetra. Moreover, I determined that a stronger 
enhancenlent of G+ band than G- band is due to the tube structure of SWCNTs 
and the orientation of S WCNTs on the interface of S WCNT/PS composites. 
3. By investigating the laser heating effect on the Ranlan spectra of 
MWCNT/SBR nanocomposites, I found that the intensity ratio of the D to G 
band of MWCNT/SBR composites largely decreased with temperature. This 
indicates the self-rearranging behavior of MWCNTs in the MWCNT/SBR 
system during temperature increase. In addition, the temperature-dependent 
downward shift of the G band of MWCNT/SBR composites was smaller than 
that of MWCNTs samples. The self-rearrangement of MWCNTs in 
MWCNT/SBR composites and a mechanical compression were explained as 
two possible reasons for the different behavior of the G band shift. 
6. Outline of each chapter 
The outline of the present studies will be described as follows. This thesis consists 
of three chapters. 
Chapter 1 describes the interactions between SWCNTs and PS inside the 
SWCNT/PS nanocomposites by Ratnan and infrared spectroscopy. A higher 
wavenumber shift of G~, C/. and G' SWCNTs bands were detected in Raman 
spectroscopy when incorporated into the nanocomposites. This upshift was proved to 
be induced exclusively by a nlechanical conlpression transfer from PS to the 
SWCNTs. From the magnitude of the upshift, the nlechanical conlpression transfer 
was estimated to be ",518 MPa. By companng the Raman spectra of pristine 
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SWCNTs and SWCNTs in ethonal~ it was proved that the upshift of the radial 
breathing nl0de was dominated by two factors: a van der Waals effect due to 
separation of the SWCNTs and mechanical conlpression from the PS system. The 
laser heating effects on pristine SWCNTs and on the nanoconlposites \vere also 
studied in this chapter 1. 
Based on the study of chapter L chapter 2 reports the distribution of SWCNTs in 
SWCNT/PS nanocomposites~ the mechanical cOlnpression due to the PS~ and the 
orientation behavior of the SWCNTs using TERS. The G- and G+ bands of the 
SWCNTs in the SWCNT/PS composites were detected at different points~ which 
provided infonnation about the distribution of SWCNTs in the SWCNT/PS system 
and suggested that the lnechanical compression varies from point to point. The 
variations in the ratios of the G bands (the G-IG- ratio and the G+/G+ ratio between the 
TERS and normal Raman spectra) may be ascribable to the orientation behavior of the 
SWCNTs in the SWCNT/PS composites. Interestingly~ I also found that in the TERS 
spectra of the SWCNT/PS composites~ the G+ band shows a stronger enhancement 
than the Cf band. According to the conditions required for resonance between 
molecular vibrations and laser light~ it can be concluded that in TERS, the 
carbon-carbon vibrations along the axis direction (G + band) are in stronger resonance 
with laser light than the carbon-carbon vibrations along the circumferential direction 
(G- band) because of the tube structure of the SWCNTs and their orientation at the 
interfaces in the SWCNT/PS conlposites. 
Chapter 3 is concerned by laser heating effect on Rmnan spectra of MWCNT/SBR 
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nanocon1posites. Raman spectra show that the intensity ratio of the 0 band to G band 
(I ()/I(i) of MWCNT/SBR composites largely decreased with temperature. This 
indicates the self-rearranging behavior of MWCNTs in the MWCNT/SBR system 
during ten1perature increase. In addition, the temperature dependent downward shift 
of the G band of MWCNT/SBR composites was smaller than that of MWCNTs 
samples. This phenomenaon was explained by the self-rearrangement of MWCNTs in 
MWCNT/SBR composites and a mechanical compression. 
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Chapter 1 
A Raman Spectroscopy Study on Single Wall Carbon 
Nanotube IPolystyrene Nanocomposites: Mechanical 
Compression Transferred from the Polymer to Single-wall 
Carbon Nanotubes 
28 
Abstract: 
Single-wall carbon nanotube/polystyrene (SWCNT/PS) nanocomposites were 
prepared by solution coagulation. Characterization was performed using Rmnan and 
infrared spectroscopy to elucidate the interactions between the SWCNTs and PS 
inside the nanocomposites. It was found that the G-, G-t, and G' SWCNT bands shifted 
to higher wavenun1bers when incorporated into the nanocomposites. I detern1ined that 
this up-shift was induced exclusively by a mechanical compression transfer fron1 PS 
to the SWCNTs. From the n1agnitude of the up-shift, the mechanical compression 
transfer was estimated to be approximately 518 MPa. Interestingly, I found that the 
up-shift of the radial breathing mode was don1inated by two factors: a van der Waals 
effect due to separation of the SWCNTs, and mechanical compression from the PS 
system. A cOlnparison of the laser heating effects on pristine SWCNTs and on the 
nanocomposites showed that thermal expansion of the SWCNTs in the 
nanocomposites was suppressed by the n1echanical compression from the PS system. 
The combination of Raman and infrared spectroscopy enabled detailed 
characterization of the interactions occurring the nanocomposites, which cannot be 
achieved using other conventional methods. 
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Introduction 
Carbon nanotubes (CNTs), since they were discovered by Iijin1a et a1. in 1991, I 
have attracted great interest due to their unique structure and n1echanical and 
electrical properties.2-4 CNTs are very promising materials for applications such as 
nanoelectronic devices,s:6 probe tips for scanning probe microscopes,7:8 and field 
en1itters.9:l O They have also been regarded as excellent fillers for polymer 
nanocOinposites. II CNTs possess a high elastic modulus which makes them even 
stronger than steel, in addition to high electrical conductivity. By combining CNTs 
with polymer to form nanocomposites, a material can be produced that has better 
mechanical properties than the polymer alone and transforms an insulator into a 
conductor. 12- 14 To obtain ideal CNT-based composites, it is critical to achieve a 
uniforn1 dispersion of CNTs in the polymer n1atrix and strong CNT-polyn1er adhesion. 
The n10st commonly employed methods for preparing CNT/polyn1er composites are 
1 . d' I':; I d' 16 d .. I .. 17 so utlOn compoun lng, . me t compoun lng, an In SItu po ymenzation. 
Much effort has been devoted to investigating the proper dispersion of CNTs and 
the interactions at the CNT Ipolymer interfaces within the composites in order to 
further improve the properties of polymers in CNT-based nanocomposites. Bokobza et 
a1. have successfully prepared many kinds of CNT-based polymer nanocomposites 
including multi-wall CNT (MWCNT)/poly-( dimethylsiloxane) (PDMS) 
composites. 18-20 The characterization of the MWCNT/PDMS composites revealed that 
their n1echanical properties were significantly better than those of MWCNTs 
dispersed in a PDMS n1atrix alone and that well-dispersed CNTs allow the formation 
of a conductive interconnecting filler network even at a very small loadings (50/0 
19 Bokobza et al. also prepared MWCNT/styrene-butadiene rubber (SBR) 
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composites, which they used to demonstrate the capability of CNTs to impart 
conductivity to insulating elastomeric matrices. 1:22 Reinforcen1ent of SBR by n1ixing 
carbon black (CB) and MWCNTs was also investigated, and the results indicated that 
this n1ethod of double loading improved the dispersion of nanotubes in SBR.22 
Takeda et al. 23 investigated the electrical properties of CNT-based polycarbonate 
(PC) composites both theoretically and experimentally. They developed an analytical 
model that accurately predicted the composite electrical conductivity in saIl1ples that 
were elnpirically characterized. The CNT geometry was found to play an important 
role in the nanocomposite electrical properties, in particular, that the straightening of 
sufficiently long nanotubes markedly improved the conductivity of the composites. 
Adohi et al. 24 performed a comparative study of CNT and CB-based composites 
with the same polymer. SBR. Con1pared with the CB composites, the CNT-based 
composites possessed a much lower conduction threshold. Further characterization 
revealed that the mechanical and n1icrowave properties of the nanocomposites were 
related to changes in the meso structure, which were induced by the heterogeneous 
three dimensional interconnected network of polymer and aggregated filler particles. 
This study provided new insight into the understanding of multifunctional materials. 
Many physical-chemical analytical methods have been used to investigate the 
propeliies of CNT based nanocomposites, including high-resolution transmission 
electron spectroscopy for dispersion studies of CNTs in polymer n1atrices, scanning 
electron microscopy for surface topography investigations, stress-strain n1easurements 
for exploring mechanical properties, and differential scanning calorimetry (OSC) and 
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thermogravimetric analysis (TGA) for investigation of thennal properties. 25-30 
Raman spectroscopy. as a non-destructive structural analysis method~ has been 
proved to be a powerful tool for studying structure, orientation~ and physical 
properties of CNTs and CNT-related materials. 31 -33 It can effectively determine 
parameters such as the degree of purity. chirality, diameter, electronic structures, and 
structural modifications. Shift in the G bands, which are characteristic of SWCNTs, 
reflect the effects of external forces on CNTs, such as mechanical compression and 
thermal expandsion.3435 Raman spectroscopy has also been extensively used for 
obtaining infonnation about CNT Ipolymer interfaces within composites. Potschke et 
al. studied the polarized orientation of CNTs in CNT/PC composites by Ran1an 
spectroscopy, which is related to their conductivity.36 Bokobza et al. investigated the 
strain dependence of MWCNT/SBR using Rmnan to elucidate the stress transfer at the 
interface between MWCNTs and SBR.37 I have reported the effects of laser heating 
on MWCNTs in MWCNT/SBR composites.38 By observing laser power-induced 
Raman spectral variations~ I investigated the self-rearranging behavior of MWCNTs, 
changes in the number of defects and the degree of disorder in MWCNTs, and 
mechanical compression of MWCNTs by SBR in composites of these two materials. 
In this report. describe my investigation of the interactions at 
SWCNT/polystyrene (PS) interfaces in nanocomposites using Raman spectroscopy. 
SWCNT/PS cOlnposites with different loading of SWCNTs were prepared by solution 
coagulation. Influences on the vibrational modes of the SWCNTs, such as distribution 
of SWCNTs in an ethanol solution and mechanical compression on the SWCNTs by 
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PS. were analyzed in detail. Laser power-dependent Raman experiments were 
conducted to investigate the differences in thermal behavior between pristine 
SWCNTs and those in SWCNT/PS composites~ revealing significant differences 
betw"een the tw'o samples. The mechanism underlying these differences can be 
explained by influences on the vibrational modes of the SWCNTs. Infrared 
spectroscopy was also employed to investigate the interaction n1echanism at the 
interface ofSWCNTs and PS. 
Experiment Section 
A. Materials 
PS (mw=1.25 x 1 OS g·lTIOr l ) was manufactured by Polysciences~ Inc. (USA). 
SWCNTs less than 2 nnl in diameter and 5-30 /-lm in length were purchased from 
Strem Chemicals~ Inc. (USA) and used without further purification. All other 
chenlicals were analytic grade and were acquired from Wako Company (Osaka. Japan) 
and used without further purification. 
B. Preparation of SWCNT/PC Nanocomposites 
An appropriate amount of SWCNTs was dissolved In absolute ethyl alcohol 
(C2HsOH) and the solution was ultrasonically mixed for 45 min to achieve uniform 
dispersion. PS was dissolved in dichloromethane (CH2Cb) to nlake a 1.3g/mL 
solution and heated at 70°C until completely dissolved. The SWCNTs and PS 
solutions were con1bined and mixed with a nlagnetic stirrer until no further 
coagulations formed. The coagulations were transfened to an evaporating dish 
overnight to remove the solvent on the surface. Total ren10val of any renlaining 
solvent was achieved by heating the coagulations in a vacuum oven for one day at 
110°C. The samples were finally pressed into films at 110°C for 10 min under a 
pressure of 60 bar. I prepared SWCNT/PS samples with three different loadings of 
SWCNTs~ 0.5, 1, and 3 % w/\v. A film of unfilled PS was prepared under the same 
conditions for comparison. 
C. Raman Measurements 
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An Ar ion laser (Spectra Physics) emitting at 514.5 nn1 was used for Raman 
excitation. A 0.1 m W laser beam was focused onto a spot 1-2 ~m in dimneter, 
producing a power density of 102_104 W /cn12. A RS-2100 Raman spectrophotometer 
(Photon Design Inc.) equipped with a CCD detector (Princeton Instrument) and with a 
resolution of ~3 cm- 1 was employed for Raman measuren1ents. A laser beam with 
power ranging from 12.5 ~ W to 1 m W was used for laser power-dependent Ran1an 
experiments. 
D. IR Spectra Measurements 
Transn1ission IR spectra were recorded at a spectral resolution of 2 cm- 1 at room 
temperature with a Thermo Nicolet NEXUS 8710 Fourier transform IR spectrometer 
equipped with a detector (Waltham. MA, USA). To ensure a high signal-to-noise ratio, 
100 scans were co-added. The spectra were fitted using the Gauss method. 
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Results and Discussion 
A. Raman Spectroscopic Investigation 
Ratnan spectroscopy has been extensively used to investigate CNT and CNT-based 
n1aterials, and Raman band assignments of CNTs have been well established.39-41 A 
series of bands located from 120 to 350 cm- I has been assigned to the radial breathing 
mode (RBM), which indicates the length and the dian1eter of SWCNTs. By using a 
tunable laser, the electronic structure of SWCNTs can be studied through comparing 
the intensity of RBM peaks.42 All carbon materials show a Ran1an band at around 
1580 cm- I assigned to G band. For SWCNTs, the G band separates into two 
components. One located at around 1590 cm- I (G+) is due to vibration of carbon 
atoms along the nanotube axis and is sensitive to charge transfer from dopant 
additions to SWCNTs. Another at around 1570 cm- I (G-) is assigned to a vibration of 
carbon atoms along the circumferential direction of SWCNTs. An additional band is 
observed near 1355 cm- l called the D band, which is associated with defects or 
disorder in CNTs, such as amorphous carbon, vacancies, and heteroatoms. The origin 
of the D band is thought to be a double resonance process. The G' band, which is the 
overtone of the D band, is located at around 2700 cm- I . Raman shifts of the CNTs 
bands can be induced by external influences such as temperature, pressure. and 
excitation wavelength. 
Figure la-c shows Raman spectra of (a) pristine SWCNTs, (b) SWCNT/PS 
con1posite (30/0 w/w). and (c) PS. The RBM band. G- and Gl-bands. D band, and G' 
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band are identified at 178,1566.1590.1333, and 2667 cm- I • respectively. From the 
wavenulnber of RBM band. the diameter of SWCNTs can be estin1ated using the 
formula: 
where A is 234 cm- I and B IS 10 cm- I .43 By excluding the effects from laser 
illumination, it was found that the RBM peak with the highest intensity in Figure 1 a 
corresponded to a CNT w'ith a diameter of 1.39 nm~ in other words, a CNT with 
dian1eter 1.39 nm produced the largest resonance Raman scattering. The shape of the 
G b d d h h SWCN'l' . d .. 444'i46 B J an s suggeste t at t e , s were semI con uctIng In nature. .. . y 
comparing the Raman spectra of SWCNT/PS composites with Raman spectra of 
SWCNTs (Figure 1 b) with those of pristine SWCNTs (Figure 1 a) and pristine PS 
(Figure 1 c), it is apparent that the spectrum of S WCNT/PS con1posites is dominated 
by SWCNT bands. and the intensities of Ran1an bands due to PS are much weaker. 
According to an electronic structure study of SWCNTs. large van Hove singularities 
exist in the nanotube density of states (~OS) because of one-dimensional confinement 
of electronic and phonon states.47 This special electronic structure has a larger 
absorption cross-section for CNTs than for most polymers at the excitation 
wavelength. Thus. the resonance enhancement occurs more easily in CNTs than it 
does in the most polymers. 
Most of the Raman peaks of SWCNTs in the SWCNT/PS cOlnposite spectnm1 
appeared at higher wavenUlnbers as compared to the peaks in the spectrum of pristine 
SWCNTs. As shown in Figure la and b. the G bands shifted from 1566 and 1590 cm- I 
to 1568 and 1593 cm- I , respectively. The peak position of the RBM shifted from 178 
to 182 cnl- I • The G' band experienced the largest shift, from 2667 cm- 1 for the pristine 
SWCNT smnple to 2678 cm- I for the SWCNT/PS conlposites. A similar degree of 
shift was detected with a higher spectral resolution (~1 cm- I ) as shown in Figure Id. 
To Inore thoroughly characterize the Raman band shifts for SWCNTs in 
SWCNT/PS composites, I prepared SWCNT/PS conlposites with three different 
loadings of SWCNTs, 0.5, 1, and 30/0 w/w. Raman spectra of pure SWCNTs and the 
SWCNT/PS cOlnposites were separated into three parts, as shown in Figure 2a-c. 
Figure 2a shows the RBM band region of the spectra. The RBM peaks reveal the 
dianleter distribution of SWCNTs in the PS matrix. The RBM peak region of pristine 
SWCNTs shows two peaks (Figure 2a). The first, with stronger intensity, was located 
at 178 cnl- I and shifted to 182. 184, and 187 cnl- I , in the spectra of the 3, 1, and 0.50/0 
SWCNT/PS composites, respectively. Another peak with weaker intensity was 
located at 164 cm- I in pristine SWCNTs, marked by solid dark point (.) in Figure 2a. 
This peak was also evident in the spectra for the 0.5 % w/w and] % w/w conlposites, 
and up shifted to larger wavenunlbers in their spectra. However, it nearly vanished in 
the spectrum of 30/0 w/w SWCNT/PS. This arose fronl the fact that the pristine 
SWCNTs were not unifonn in diameter and had a distribution of < 2 nm. An extra 
peak appeared in the region lower than] 00 cm- 1 due to Rayleigh scattering. 
Figure 2b compares the G band region of pristine SWCNTs and the SWCNT/PS 
cOlnposites. The G band of SWCNTs is mainly composed of two sub-bands (G- and 
which arise from carbon vibrations along the circumferential and axial directions 
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of SWCNTs, respectively. Figure 2c shows the G' band region in the Raman spectra 
of SWCNTs (2667 cn1- 1) and the spectra of 0.5% w/w (2685 em-I), 1 % w/w (2681 
em-I), and 30/0 w/w (2678 cm- I ) SWCNT/PS composites. Two additional peaks at 
2850 cm- I and 2904 cm- I which are marked by solid dark square point (_) were 
assigned to aliphatic symmetric Vs (Cl-b) and anti-symn1etric VS (CH2) Raman n10des 
of PS, respectively. Figure 2b and 2c reveal that the two G bands and the G' band 
yielded higher \vavenwnber shifts of ditTerent degrees, similar to the shift behavior of 
RBM. It also indicates that the 0.50/0 w/w SWCNT/PS composite exhibits a larger 
shift than the composites with the 3 and 1 % w/w SWCNT loading. 
The shifts observed in the Ratnan bands of SWCNTs arise from three possible 
mechanisms: chemical action between SWCNTs and matrix, such as charge transfer 
or chemical bonds;48 changes in the tube-tube interactions due to the distribution of 
SWCNTs;49 and mechanical compression from the polymer matrix.34:S0:51 
First, there are a number of reports regarding Raman shift behavior of CNTs 
induced by chemical actions. 52 It has been shown that charge transfer induced by 
doping, or chemical bonds fonned between CNTs and the polymer, could induce a 
shift in the Raman peaks of CNTs to higher wavenumbers by several tens of cm- I (Br 
doped) or to lower wavenumbers by 100 cm- I (K, Rb doped). However, in the current 
system, it is impossible that the Raman shift resulted from this kind of action, because 
the SWCNTs used were not functionalized or doped. Another possibility, 
CH-interactions are thought to be involved between CNTs with a n-electron rich 
surface and polYlner chains with methyl or methylene groups.53:54 This type of 
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interaction can be clearly observed uSIng infrared spectroscopy. as the peak for 
methylene group n10des shift by roughly 10 cm- I .37 
Figure 3 shows the comparison of the IR spectra of pure PS and 1 and 30/0 w/w 
SWCNT/PS composites. Most of bands in the IR spectra are assigned to PS. The 
vibration bands related to methylene group modes of PS are located at 2924, 2850, 
and 1371 cm- 1 (Figure 3). However. the absorption bands belonging to methylene 
group vibrations did not undergo any shift in the IR spectra of SWCNT/PS 
con1posites. The absence of a shift indicates that CH-interactions did not occur or 
played only a weak role in these samples. Thus, charge transfer cannot be used to 
explain the observed Raman shifts. Strong interactions at the CNT/polymer interface 
\vould be induced by modifying the surface of CNTs, for example, by adding 
chemical bonds such as -COOH. 
Secondly. van der Waals interactions are known to occur among the tubes within 
SWCNT bundles. Before the generation of the SWCNT/PS composite, the SWCNTs 
were first dispersed in ethanol, which induces a loss of van der Waals interactions 
between the tubes and is expected to cause a Raman shift in the G band by ~ 10 cm- 1 55. 
Figure 4 shows the Raman spectra of pristine SWCNTs and SWCNTs in ethanol 
0.1n1ghnL) revealing a 3 cm- I up-shift of the RBM peak upon dissolving the bundled 
SWCNTs in ethanol. However. the G band experienced an insignificant frequency 
shift. Rao et al. 56 detected about a 10 cm- 1 up-shift between bundled SWCNTs and 
SWCNTs dissolved in CS2 solution. They assigned this up-shift prin1arily to the 
decreased energy spacing of the Van Hove singularities in isolated tubes over the 
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spacing in a rope. and also found that this effect induced a weak influence on the G 
band shift. Thus, van der Waals interactions are not suitable for explaining the Raman 
shifts observed in the system. 
Finally, let us concentrate on the last possible Inechanisn1. It is well known that the 
elongation or shrinkage of carbon atom vibrations causes shifts in Ran1an bands of 
SWCNTs by several wavenumbers. When SWCNTs are en1bedded into another 
systeln. such as a liquid and a polymer. S WCNTs are subjected to hydrostatic 
pressure.34 :5 1:57 The hydrostatic pressure induces up shifts of Rmnan bands of 
SWCNTs. Wood et al. 5\ reported that the pressure-induced shifts of various SWCNT 
bands occurred when SWCNTs were embedded into liquid or when pressure was 
applied using by a diamond anvil cell (DAC). It has been confirmed that the peak 
shifts are induced by compressive forces imposed by the liquid on the SWCNTs. 
Loa58 performed a comprehensive study of SWCNTs under different high pressures 
using Raman spectroscopy. The results showed that pressure can induce a reversible 
change in the lattice dynamics and structure of SWCNTs. and that it is also possible to 
transforn1 S WCNTs into diamond and other "superhard" phases by the application of 
pressure. In the current study. it is likely that the SWCNTs underwent mechanical 
compressIon from PS matrix during the process of generating the composites. I 
estimate the magnitude of cOlnpression to be 518 MPa from the Raman shifts 
observed between pure SWCNTs and those in 1 % w/w SWCNT/PS composites using 
the equation: 
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where P is the pressure, (Do is the peak position with no extra pressure. and a is the 
slope of (D and P (a is 8.0 cm- 1/GPa 59). The value is reasonable considering previous 
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reports. 
fron1 the above analysis, it can be concluded that the up-shift behavior observed in 
the peaks in the SWCNT/PS cOlnposites spectra is Inainly due to mechanical 
compression from the PS matrix. The RBM up-shift appears to be partly from 
nlechanical compression, and partly from the effect of van der Waals interactions. 
Figures 5 and 6 show the shift behaviors of the G and G' bands, respectively, at 
different locations within the samples. From Figure 5, it is clear that the G+ band (the 
largest shift is about 6 cn1- 1) shifted more than the G- band (the largest shift is about 3 
cln- I ), indicating that the carbon-carbon atom vibrations along the axial direction were 
more sensitive to mechanical pressure than the vibrations along the circumferential 
direction. Oddly, the G+ band of SWCNT/PS with 1 % w/w content of SWCNT/PS 
exhibited a sn1aller upshift than that of the 30/0 w/w composite (Figure 5). The reason 
for this remains unclear and requires further investigation. From Figure 6, it is 
apparent that the G' hand shifted more than the two G bands, indicating that the G' 
band is an excellent indicator of the interaction between SWCNTs and the polymer. 
The shift behavior of the G' band, as a detector for stress transfer from polymer to 
CNTs. has also been studied using strain-dependent Raman. When CNTs undergo 
strain. the G r band experiences a large downshift. Cooper et al. observed a large 
downshift of G' band. up to 10 cm- I . at 1 % strain in MWCNT/epoxy resin which 
indicates stress transfer fron1 matrix to nanotubes. 61 Lower loadings of SWCNTs 
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produce larger shifts (Figures 5 and 6) because lower loadings induce better alignment 
or distribution of the SWCNTs. At higher loadings, the aggregation of SWCNTs 
increases, which causes the SWCNTs to undergo a lower mechanical compression 
than the \veIl-dispersed SWCNTs. A further report concerning this phenOlTIenOn 
utilizing tip-enhanced Raman spectroscopy is underway in our laboratory. 
B. Laser Heating Effect Study on SWCNT/PS Composites 
The heating effect of SWCNTs has been studied using laser heating-dependent or 
telTIperature-dependent Raman spectroscopy.34:62:63 A downshift with temperature has 
been detected, caused by the elongation of C-C bonds due to thermal expansion. The 
presence of disorder or defects in such materials provides enough flexibility to the 
CNTs structures to accomn10date C-C elongation with thermal expansion. In the 
present systen1, as discussed above, SWCNTs underwent mechanical compression 
from matrix in SWCNT/PS composites. The SWCNTs contained in con1posites were 
expected to potentially exhibit thermal effects different from those observed in 
pristine S WCNTs. Figure 7 shows the laser-power dependence of the Raman spectra 
of (a) pristine SWCNTs and (b) 1 % w/w SWCNT/PS con1posite using a 514.5 nm 
laser beam varied fron1 12.5 ~ W to 1 m W. With increasing laser power, most Raman 
peaks of SWCNTs shifted to lower wavenumber (due to the elongation of C-C 
vibrations). It should be noted that this shift behavior was weak in the SWCNT/PS 
con1posites (Figure 7b). Figure 7c-d show the laser -power-dependent shifts in the 
RBM band and G band for both SWCNTs and 1 % w/w SWCNT/PS con1posites, 
respectively. These results indicate that for SWCNT/PS, the RBM band shifted only 1 
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cn1- 1 as the laser power increased fron1 12.5 J.lW to 1 InW~ the corresponding shift for 
the pristine SWCNT salnple was 19 cm- I . The G- and G+ bands shifted 16 and 18 cm- I , 
respectively, in the SWCNTs/PS cOlnposites, and only 6 and 3 cm- I in pristine 
SWCNTs. 
In my formal study of the laser heating effects on MWCNT/SBR systems,M two 
possible reasons were given for a sin1ilar behavior: the rearrangement of MWCNTs in 
MWCNT/SBR systems with increased temperature, which induced a better alignment 
of MWCNTs in the composites and reduced the degree of disorder or the an10unt of 
defects; and the mechanical con1pression of MWCNTs by SBR, which blocked the 
expansion of the MWCNTs with increasing temperature. Here, the highest laser 
power used is 1 mW, which is not enough to decompose the PS. As a result, it appears 
to be ilnpossible that rearrangement occurred during laser heating in my experiment. 
Thus, the mechanical compression from the PS Inatrix played an important role in 
producing the different heating effect behavior of SWCNTs in SWCNT/PS 
composites and pristine SWCNT samples, and produced a greater effect on the RBM 
band. 
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Conclusion 
I studied the interactions at the SWCNT/PS interface in nanocOlnposites uSIng 
Ran1an and IR spectroscopy. Clear up-shifts of the G and G' bands in the Raman 
spectra of SWCNT/PS nanocomposites and pristine SWCNTs indicated that 
mechanical compression was transferred from the PS matrix to the SWCNTs fillers. 
The RBM band also up-shifted in SWCNT/PS composites. By comparing these 
results with Raman spectra of SWCNTs in ethanoL I concluded that the up-shift of the 
RBM peak arose from two sources: van der Waals effects and mechanical 
cOlnpression. The results of the laser po\ver-dependent Raman experiment indicated 
that the heating effects observed for pristine SWCNTs, manifested as a downshift 
with increasing temperature, were weak in SWCNT/PS composites due to mechanical 
compressIOn. 
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Chapter 2 
A Tip-enhanced Raman Spectroscopy Study of Single-walled 
Carbon Nanotube/Polystyrene (SWCNT/PS) 
Nanocomposites: Dependence of the Mechanical 
Compression Distribution at the Interface on the SWCNT 
Distribution 
59 
Abstract: 
The norn1al Raman and tip-enhanced Raman scattering (TERS) spectra were 
Ineasured on single-walled carbon nanotube (SWCNT)/polystyrene (PS) 
nanocomposites to investigate their SWCNT distribution and the local interactions at 
the interface between the SWCNTs and the PS. The normal Raman spectra did not 
show any evident point-to-point variation. In contrast in the TERS spectra, the G- and 
G+ bands of the SWCNTs show obvious point-to-point variation: the shift is different 
depending on the point. This result indicates information about the distribution of 
SWCNTs in the SWCNT/PS system and demonstrates that the mechanical 
compression of the SWCNTs by the PS varies from point-to-point. Comparison of 
normal Raman spectra and the corresponding TERS spectra reveals that the intensity 
ratio between the G bands of the nonnal Raman and TERS spectra changes fron1 point 
to point. This point-to-point variation may be ascribable to the different orientation 
behaviors of the SWCNTs in the composites detected by TERS. Moreover, compared 
with the G- band, a stronger enhancement of the G+ band was observed in the TERS 
spectra. It may be concluded that in TERS, the carbon vibration along the axis 
direction (G+ band) has stronger resonance ·with the excitation laser light than the 
carbon vibration along the circumferential direction (G- band) because of the tube 
structure of the SWCNTs and the orientation of SWCNTs at the interface in the 
SWCNT IPS composites. 
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Introduction 
CNTs have attracted much attention SInce their discovery by Iijima (1991 ).1 
Because of their special structure, which, at the atomic scale, can be seen to be 
seamless one-dimensional rolled cylinders consisting of hexagonal sheets of carbon 
atoms. CNTs possess unique combinations of electronic, thermal, optical, and 
mechanical properties.2-4 For example, the tubular structure prevents the propagation 
of cracks and dislocations and thus gives CNTs great potential as nlaterials with high 
Young's Inoduli. 5 The partial Sp2 _sp3 hybridization of the C-C bonds of CNTs can 
induce high f1exibility.6~7 CNTs can also change from semiconductor behavior to 
Inetallic behavior along their length because of the presence of pentagon-heptagon 
defects. 8~9 Thus, there has been great enthusiasm for investigations of the potential 
applications of CNTs, such as nano-electronic devices, probe tips for scanning probe 
. d f- ld . 10-13 mIcroscopes, an Ie emItters. 
Because of these excellent properties, CNTs have been considered to be ideal 
nano-fillers or additives for polymer nanocomposites.1 4:l 5 Adding even a small 
anl0unt of CNTs into a polymer can largely improve its mechanical properties and 
can even turn an electrically insulating polynler into a conductive composite.9:l6 
However, the dispersion of CNTs in a polymer systenl is still a great challenge 
because of the high van der waals interaction between neighboring CNTs and the 
large surface area of the tube. There has been much research on the physical 
properties and structure of CNT -based polYIller nanocomposites. Bokobza et al. 17 
achieved a 450/0 increase in modulus and a 700/0 increase in tensile length by 
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incorporating 1 % w/w of tnultiwalled carbon nanotubes (MWCNT) into 
styrene-butadiene rubber (SBR). Their work on MWCNT/poly( dinlethylsiloxane) 
(PDMS) composites revealed that well-dispersed CNT allows the fornlation of a 
conductive interconnecting filler network even at a very snlall loadings (5% W/W).I8 
Haggenmueller et al. 19 studied the thermal and electrical conductivities in 
SWCNT/polyethylene (PE) nanocomposites. The results of their study indicate that 
the percolating SWCNT network plays an important role in determining the thermal 
conductivity of SWCNT/PE nanocomposites. 
Raman spectroscopy is a powerful tool for the characterization of CNT -based 
materials.2o-24 It can effectively explore the structure and properties of CNTs, such as 
their degree of purity, chirality, diameter, electronic structures, and structural 
moditications. 22-24 It has also been proved to be very useful for investigating the 
structure, interface interactions, and physical properties of CNT -based polymer 
nanocomposites. 25-28 When CNTs are embedded into a polymer nlatrix, the 
interaction between the CNTs and the polymer is reflected by a peak shift or a change 
in the peak width in the Raman spectrUln.25 :27 Cooper et al. investigated the 
defornlation micromechanics of SWCNTs and MWCNTs in epoxy resin 
nanocomposites using Raman spectroscopy?8 According to their study, stress-induced 
Raman band shifts of the CNTs demonstrated the transfer of stress between CNTs and 
the po]ynler (epoxy) and that the etTective moduli of the SWCNTs and MWCNTs 
dispersed in the composites could be over 1 TPa and about 0.3 TPa, respectively. 
Bokobza et aL26 investigated the strain dependence of the Ratnan spectra of 
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MWCNT/SBR composites and detected a shift of the G band to the 
lower-wavenumber side, which indicates a stress transfer interaction between the 
CNTs and the polymer. 
I have reported the effects of laser heating on the MWCNTs in MWCNT ISBR 
con1posites?9 The self-rearranging behavior of the MWCNTs in the nanocomposites 
was investigated by observing the laser-induced Ran1an spectral variations. In my 
Ratnan study on SWCNT/PS nanocon1posites, the n1echanism of the shifts in the 
Raman bands of the CNTs in the nanocon1posite systeln was analyzed in detail. 30 
Mechanical compression of the SWCNTs by the PS was considered the main reason 
for the G band shift. I also found that the shift of the radial breathing mode to higher 
wavenumbers was caused by two factors: a van der Waals effect due to the separation 
of SWCNTs and the mechanical con1pression by the PS matrix. 
Recently, tip-enhanced Raman scattering (TERS) has emerged as a pron1lslng 
spectroscopic tool that combines scanmng probe Inicroscopy and Ratnan 
spectroscopy.31-36 Compared with normal Ratnan spectroscopy. TERS has much 
higher spatial resolution and sensitivity. A typical interesting feature of TERS is that 
it allows molecular-scale views of small ensembles of molecules or even single 
lnolecules. Thus. TERS has been proved to be a unique tool for exploring very small 
portions of complicated materials such as graphene,37-39 carbon nanotubes,40-42 
4344 DNA. -, and so on. 
The interfaces in a polyn1er nanocomposite play a key role in its structure, 
interactions. and n1echanical properties. Therefore, it is of particular ilnportance to 
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uncover the structure and interactions of the composite materials at the interfaces in 
order to understand their properties.45 However, normal spectroscopic techniques do 
not have enough spatial resolution to investigate the interfaces. Thus, TERS is 
expected to be a powerful tool for extracting in1portant information about the 
interfacial structure and interactions of polymer composites including CNT-based 
nanocomposites. 
In the present study, I ain1ed to reveal the degree of dispersion of SWCNTs in 
S WCNT/PS nanocomposites and the effects of the dispersion on the Ran1an bands of 
the SWCNTs in PS using TERS spectroscopy. SWCNT/PS composites with 0.50/0 
w/w SWCNTs were prepared using coagulation, and the position-dependent normal 
Raman and TERS spectra of the SWCNT/PS composites were measured. The 
n1echanical compression of the SWCNTs by the PS was studied by measuring TERS 
spectra at different points, and the orientation behavior of the SWCNTs in the 
SWCNT/PS con1posites was also explored. Much more useful information about the 
distribution of SWCNTs and about the local interactions between SWCNTs and PS 
could be obtained from position-dependent TERS spectra, which demonstrates that 
TERS spectroscopy holds great potential for exploration of the structure of CNTs and 
their interaction with polymers in polymer nanocomposites. 
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Experiment Section 
A. Sample preparation 
Sample preparation in this chapter IS the sanle with the nlethod illustrated In 
chapter 1. 
B. Normal Raman and TERS measurements 
The Raman equipment setup is the sanle as shown in chapter 1. The laser power 
used was about 100 J.1 W at the sample point. The excitation laser beam was focused 
through an objective lens with a long working distance (90X, NA = 0.71) onto the 
samples. 
TERS measurenlent was performed using a TERS setup that combines a reflection 
mode Raman Inicroscope and an AFM instrument (Photon Design; Nanostar 
NFRSM800). A TERS needle (UNISOKU Co. Ltd.) coated with silver was attached 
to the quartz tuning fork of a shear-foree-based AFM at an angle of 45°. The laser 
power and objective lens for the TERS measurements were the same as those for the 
normal Raman measuren1ents. The Raman spectra of the SWCNT/PS composites 
were obtained under both tip retracted conditions and tip approached conditions. A 
TERS spectrum was calculated by subtracting the spectrunl observed under the 
tip-retracted conditions from that collected by under the tip approached conditions. 
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Results and Discussion 
Figure 1 shows Raman spectra of (a) pristine SWCNT and (b) SWCNT/PS 
conlposites. Four main peaks corresponding to the SWCNTs appear in the region of 
3000-1000 cm- 1 of the Raman spectrum of the pristine SWCNTs (Figure la). The 
peak at 1566 cm- 1 is due to the G- band, which corresponds to carbon vibration along 
the circumferential direction, and that at 1595 cm- 1 is assigned to the G+ band, which 
corresponds to carbon vibration along the nanotube axis.2o An additional band 
observed near 1343 cm- I is called the 0 band. which is related to defects or disorder 
in the CNTs such as amorphous carbons, vacancies, heteroatoms, and so on.46 The 
overtone of the D band. called the G' band, is located at around 2700 cm- I . Moreover, 
in the region from 350 to 120 cm- I , SWCNTs yield a series of bands that has been 
assigned to the radius breathing mode (RBM).47 In CNT-based polymer 
nanocomposites, interactions between the CNTs and the polymer can be reflected by 
shifts, intensity changes. and/or band width changes in the Raman peaks of the 
SWCNTs?8 Compared with the spectrum of the SWCNTs (Figure 1 a), that of the 
SWCNT/PS nanocomposites (Figure 1 b) shows shifts of several Rarnan bands of the 
SWCNTs. In particular. the G- and G+ bands shift from 1566 to 1572 cm- I and fron1 
1593 to 1595 cm- 1, respectively. The G' band has the largest shift fron1 2658 to 2689 
cln -I. Previous Raman studies have proved that shifts of the G and G' bands from the 
Rarrlan spectrum of pristine SWCNTs to that of the SWCNT-based polynler 
composites reflect mechanical compression of the CNTs by the polymer.48 :49 The 
present result also suggests a mechanical stress transfer fron1 the PS to the SWCNTs. 
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Figure 2 depicts an AFM frequency shift ilnage of the SWCNT/PS composites with 
0.5<Y<> (w/w) SWCNTs nleasured using a TERS probe. Structures on the surfaces of 
the conlposites are apparent in the inlage. However, considering the size of the 
SWCNTs, the structures observed in Figure 2 are too large to be assigned to SWCNTs. 
As a result, it is difficult to deternline the distribution of SWCNT in the PS Inatrix 
only the topography and frequency shifts images. 
Figure 3(a) conlpares the far-field and near-field Raman spectra of the SWCNT/PS 
composites in the 1900-900 cnl- 1• The far-field Raman spectrum was measured 
without a TERS tip, while the near-field Raman spectrum was obtained by placing the 
tip 220 nm from the sample surface. In Figure 3a, enhancement of the Raman signal 
can be observed by comparing the far-field and near-field Raman spectra. Figure 3b 
shows a TERS spectrum calculated by subtracting the far-field Raman spectrum from 
the near-field Raman spectrum. The mechanism with which TERS enhances the 
spectrunl is generally the same as that of SERS (surface enhanced Raman scattering), 
because both effects occur at a metallic tip apex at the junction of Inetallic 
nanoaggregates, which produces an electromagnetic (EM) enhancement effect and a 
chemical enhancelnent effect. The EM enhancelnent is generated by the coupling of 
light and radiative plasmon Inodes (mainly dipole modes) on the tip, 50 while chemical 
enhancement is generated by the formation of a charge-transfer complex between the 
molecules and the tip surface. 5 I The EM enhancement is not as sensitive to the 
distance between the molecules and the tip surface as the chemical enhancement. For 
the current TERS measurelnent only the EM enhancement likely works because the 
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chen1ical enhancement can only happen when the tip is operated in contact mode, 
while noncontact mode is used in the present case. 52 
In norn1al n1icro-Raman spectroscopy, the laser spot on the surface of a san1ple is 
usually about 1 ~m in diameter. For a TERS measurement, the size of the TERS 
probe is about 50-100 nm, and the size of the laser spot on the interaction area can be 
reduced to 10-50 nm to achieve much higher spatial resolution. Therefore, n1uch 
more detailed infonnation about the interface of the SWCNT/PS composites can be 
gained by measuring point -dependent TERS spectra. 
Figure 4a displays normal Raman spectra of the SWCNT/PS composites measured 
at different points (PI, P2, P3, P4, P5, P6, P7 and Ps in Figure 2). Figure 4b shows 
enlarged images of the 1630-1530 cn1-1 region of the spectra in Figure 4a. The normal 
Raman spectra do not show a significant difference from point to point in terms of 
band positions and relative band intensities, and the G band shows only a negligible 
shift of < 2 cm- l at the different points (Figure 4b). It seems to be difficult to extract 
information about the distribution of SWCNTs and the interactions at the interfaces 
between the SWCNTs and the PS from normal Raman spectra. 
Figure 4c shows TERS spectra of the SWCNT IPS composites observed at the 
points shown in Figure 2. It is noted that the TERS spectra at the eight points 
obviously change from point to point, especially in the G band area as shown in 
Figure 4d. The intensity of the TERS peak at about 1601 cm I due to PS shows 
significant point dependence. The TERS intensity change of this PS peak reflects the 
distribution of the SWCNTs in the sample. A lower relative TERS intensity of the PS 
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peak means a higher SWCNT content. while a higher relative TERS intensity of the 
PS peak nleans a lower SWCNT content. The G bands at around 1564 cnl- 1 and 1589 
cm-
I 
show an obvious shift from point to point in the TERS spectra (Figure 4d), 
whereas this shift was nearly negligible in the far- field Raman spectra (Figure 4b). 
Figure 5 compares the peak positions of the (a) G- and (b) G+ bands in the far-field 
Raman spectrum and the TERS spectrum for each point. Solid circles indicate the 
results for the normal Raman spectra, and open circles represent the results for the 
TERS spectra. In the TERS spectra, the G band shows an obvious shift from point to 
point. It is noted that the largest shift of the G- peak is about 6 cm- I in the TERS 
spectra (between PI and P4), whereas the same shift is only 1 cm- I in the normal 
Raman spectra. The 1 cnl- 1 shift can be overlooked based on the wavenumber 
resolution (1 cnl- I) of the instrument. For the G+ peak, the largest shift is about 5 cm- I 
for the TERS result, whereas the same shift is about 2 cm- I for the normal Raman 
result. The SWCNTs have an inhomogeneous distribution in the SWCNT/PS system, 
which means that SWCNTs are better dispersed at some points, while at other points 
aggregation of the SWCNTs nlay occur. As I reported in my previous Raman study, 
the shift of the G band of the SWCNTs in the SWCNT/PS composite is nlainly caused 
by mechanical conlpression by the polymer.3o Here, at the points with good SWCNT 
dispersion, they may undergo more mechanical compression due to the PS, which is 
reflected by a larger shift of the G band. On the other hand, the SWCNTs at the points 
with SWCNT aggregation undergo less nlechanical compression and have smaller 
shifts of the G band in their TERS spectra. This result proves that TERS is a powerful 
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tool for detecting the distribution of SWCNTs in polynler composites. 
When both the intensity of the Raman peak at 1601 cm- I due to PS and the shift of 
the G band are considered, it can be found that points with higher PS intensities show 
larger shifts of the G band. I selected two typical points (P 4 and Pg) to illustrate this 
phenomenon, as shown in Figure 6. In Figure 6, the cr and G+ bands shift from 1565 
and 1588 cm- I to 1568 and 1591 cm- I , respectively, between Pg and P 4. 
Correspondingly, the intensity of the PS band at 1601 cm- I is much stronger for P4 
than for Pg. The higher intensity of the PS band at P 4 indicates a higher concentration 
of PS at P4 than at Pg, which means that the SWCNTs at P4 experience stronger 
mechanical compression due to the PS matrix than the SWCNTs at Pg• Thus, the G-
and G+ peaks of SWCNT at P4 show larger shifts than the corresponding SWCNT 
peaks at Pg• This is consistent with the above analysis. 
Moreover, the shift behaviors of the G- and 0+ bands are significantly different 
from point to point, as shown in Figure 5. Compared with that in the normal Raman 
spectra, the G- band in the TERS spectra (Figure 5a) shows a larger shift, while the G+ 
band shifts only a little between the normal Raman and TERS spectra (Figure 5b). 
The G- band arises fronl the carbon vibration along the circumferential direction, and 
the G+ band is due to the carbon vibration along the tube axis. Thus, the results in 
Figure 5 indicate that the carbon vibration along the circumferential direction is more 
sensitive to the interactions at the interfaces in the SWCNT IPS composites than the 
carbon vibration along the tube axis. The largest shift of the G- band in the TERS 
spectra (Figure 5a) is about 6 cm- I (between PI and P4), while the largest shift of the 
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0+ band is about 5 cm-'(Figure 5b, between P4 and P2). The magnitude of the 
mechanical compressive strength can be estimated to be 750 MPa from the 0- band 
and 625 MPa from the OT band using the equation: 
O)(p) = 0)0 + aP (1), 
where P is the pressure, 0)0 is the peak position with no extra pressure, and a is the 
slope of 0) as a function ofP (a is 8.0 cm-'/OPa according to Ref. S3). These values are 
reasonable considering the previous report on pressure-induced Raman peak shifts for 
various carbon structures.4g 
Figure 7 plots the intensity ratio of the 0- band between the 0- bands in the TERS 
and normal Ran1an spectra (_ 0-/0-) along with the intensity ratio for the 0+ bands (. 
marked 0+/0+). Fron1 Figure 7, it can be found that the 0-/0- ratio and the ct/ct ratio 
vary fron1 point to point in a similar n1anner (even though the variations are relatively 
sn1all here). Two mechanisms could explain this interesting phenomenon. First, 
compared with the TERS spectra, the normal Raman spectra have much lower spatial 
resolution. As a result information from the normal Raman spectra does not show 
significant point dependence. However. in the TERS spectra, the points with more 
SWCNTs have stronger intensities of the 0- and 0+ bands, whereas those with fewer 
SWCNTs have weaker signals. Thus, the different points show different intensity 
ratios (O-/O-and 0+10+ ratios) between the TERS and normal Ran1an spectra. 
However, when the intensity ratios (0-/0- and 0+10+ ratios) between the TERS and 
norn1al Raman spectra at each point are compared with their corresponding TERS 
spectra (Figure 4), this explanation becomes weaker, because inconsistent information 
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is obtained about the distribution of SWCNTs. For example, the concentration of 
SWCNTs at Pg is higher than at P4, as clearly shown in Figure 7. Therefore, Pg should 
show higher intensity ratios (the 0-/0- ratio and the ct/O+ ratio) between the TERS 
and norn1al Raman spectra than P 4 in Figure 7, when in fact the 0-/0- ratio at Pg is 
lower than that at P 4. 
Second, Potschke et al. studied the orientation of the MWCNTs in con1posites with 
polycarbonate. 54 In their polarized Raman study, it was found that the DID and 0/0 
ratios parallel/perpendicular to the fiber axis increase with the draw down ratio, 
reflecting in1proved alignmentlorientation of MWCNTs in the fibers. Based on their 
study. it may be possible to ascribe the changes in the 0/0 ratios in Figure 7 to 
changes in the orientation of the SWCNTs in the SWCNT/PS composites because of 
the different concentrations of SWCNTs detected by TERS. 
Interestingly. it is found in Figure 7 that the 0+/0+ ratio is higher than the O-/Q-
ratio. According to the Raman scattering conditions, carbon-carbon vibration in the 
direction parallel to the polarized direction of laser should have a strong resonance 
with the incident laser light and show a high intensity in the Raman spectrum. Here. 
the 0+ band shows a stronger intensity than the 0- band, which indicates that the 
carbon-carbon vibration along the axis direction (0+ band) has a stronger resonance 
with the incident laser light than that along the circumferential direction (0- band). 
Because of the tube structure of the SWCNTs. the SWCNTs on the surfaces of 
SWCNT/PS con1posites whose orientation is parallel to the polarization direction of 
the laser light will have all carbon vibrations along the axis direction in resonance 
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with the laser light. Ho\vever, the SWCNTs whose orientations are vertical with 
respect to the polarization direction of laser light will have only sonle of the 
carbon-carbon vibrations along the circumference direction resonate with the laser 
light, as illustrated in Figure 8. As a result, the 0+ band should have a stronger 
intensity than the 0- band. Thus, I can conclude that when a tip is attached to the 
surface of the sample, the carbon-carbon vibrations along the axis direction (0+ band) 
are in the stronger resonance with the laser light than the carbon-carbon vibrations 
along the circumferential direction (0- band) because of the orientation of the 
SWCNTs at the interfaces in the SWCNT/PS composites. Further experiments 
investigating and confirming this phenomenon continue to be pursued in our group. 
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Conclusion 
I have studied the distribution of SWCNTs in SWCNT/PS nanocomposites, the 
mechanical compression due to the PS, and the orientation behavior of the SWCNTs 
using TERS. The G- and G+ bands of the SWCNTs in the SWCNT/PS composites 
were detected at different points, which provided information about the distribution of 
SWCNTs in the SWCNT/PS system and suggested that the mechanical compression 
varies from point to point. It has also been noted from the TERS spectra that the 
carbon vibrations along the circumferential direction (G- band) reflect the mechanical 
compression by the PS matrix more clearly than the carbon vibrations along the axis 
direction (G+ band). The variations in the ratios of the G bands (the G-IG- ratio and the 
G+ IG+ ratio between the TERS and normal Raman spectra) may be ascribable to the 
orientation behavior of the SWCNTs in the SWCNT/PS composites. Interestingly, I 
also found that in the TERS spectra of the SWCNT/PS composites, the G+ band 
shows a stronger enhancement than the G- band. According to the conditions required 
for resonance between molecular vibrations and laser light, it can be concluded that in 
TERS, the carbon-carbon vibrations along the axis direction (G+ band) are in stronger 
resonance with laser light than the carbon-carbon vibrations along the circumferential 
direction (G- band) because of the tube structure of the SWCNTs and their orientation 
at the interfaces in the SWCNT/PS composites. This TERS study on SWCNT/PS 
cOlnposites has proved that TERS spectroscopy is a powerful tool for exploring the 
distribution of fillers and the interactions at the interfaces in CNT -based polymer 
composites. 
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Chapter 3 
Laser Heating Effect on Raman Spectra of 
Styrene-Butadiene Rubber/Multiwalled Carbon Nanotube 
Nanocomposites 
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Abstract: 
The leaser heating effect on MWCNTs in styrene-butadiene rubberhnultiwalled 
carbon nanotube (SBRlMWCNT) composites were studied by Raman spectra. The 
intensity ratio of the 0 band to G band (I[)/IG) of SBRlMWCNT composites largely 
decreased with temperature. This indicates the self-rearranging behavior of MWCNTs 
in the SBRlMWCNTs system during ten1perature increase. In addition, the 
temperature-dependent downward shift of the G band of SBRlMWCNT composites 
was sn1aller than that of MWCNTs samples. The self-rearrangement of MWCNTs in 
SBRlMWCNT composites and a mechanical compression were explained as two 
possible reasons for the different behavior of the G band shift. 
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Introduction 
Recently. much attention has been focused on polymer/carbon nanotubes (CNTs) 
nanocomposites.I-4 CNTs are excellent fillers for the fabrication of multifunctional 
polymer nanocomposites because of their unique mechanical, electrical, and thermal 
properties, such as a high elastic modulus, high aspect ratio, and high 
strength-to-weight ratio. 5-9 Some CNTs are even firmer than steel and lighter than 
aluminum; further, they have higher conductivity than copper. 3 Besides the individual 
properties of CNTs, numerous potential benefits are expected when they are employed 
. c:. f' I 1 0-14 as relnlorclng agents or po ymers. 
Raman spectroscopy, a nondestructive technique, has been widely used to explore 
the structural and electronic properties of carbon-based materials. IS -19 Raman spectra 
of single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes 
(MWCNTs) have been studied both experimentally and theoretically. An interface 
region in a polymer/CNT composite is a critical factor in cOlnposite materials because 
it effectively controls load transfer (a type of force transferred from the polymer 
Inatrix to the fiber in composite materials) from a polymer to CNTs.20 Raman 
spectroscopy is an excellent tool for interfacial investigations. It has been en1ployed to 
probe interactions between a polymer and CNTs, such as the reinforcement 
mechanism of MWCNT-filled polymers,21 connecting method of MWCNTs and a 
n1atrix,22:23 and polyn1er transition behavior using CNTs?4 In general, the interactions 
between a polyn1er and CNTs are reflected as Raman peak shifts or changes in the 
bandwidth. Ran1an spectroscopy can also be effectively used to quantify stress and 
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strain transfer from surrounding environn1ents to CNTs. 
Many research groups have recently been involved In studies on polymer/CNT 
con1posites. Bokobza et aI.25-27 successfully synthesized nanocomposites of 
polydimethylsiloxane (PDMS) and styrene-butadiene rubber (SBR) with MWCNTs 
(PDMS, SBR/MWCNTs) with improved mechanical, electrical, and thern1al 
properties. This is an important factor in the improvement of physical properties of 
(POMS, SBR)/MWCNTs nanocOlnposites. To prepare these composites, they 
simultaneously incorporated CNTs and another type of filler, nan1ely, carbon black 
(CB) particles. This resulted in a marked improvement in the mechanical and 
electrical conductivity with a lower percolation threshold than that obtained with 
samples filled only with CNTs. In addition, they studied polymer/CNTs by Raman 
and infrared spectroscopy. For example, they investigated the dependence of Raman 
spectra on the nanotube contents and the interactions on the interface between the 
polymer and CNTs.23 :28 
The purpose of the present study was to explore the laser heating effect on the 
Raman spectra of SBRlMWCNTs. By measuring the laser-power-induced Raman 
spectral variations, I investigated the self-rearranging behavior of MWCNTs, changes 
in the an10unt of defects and/or degree of disorder in MWCNTs, and mechanical 
compreSSIon from SBR to MWCNTs in the SBRlMWCNT composites. This 
investigation will open new avenues for fUliher studies on the fine structure and 
properties of MWCNT-based nanocomposites, such as thennal expansion and thermal 
conductivity. Studies have been carried out on the telnperature-dependent Raman 
90 
spectra of CNTs~29-31 but only a few papers have reported studies on CNT-based 
. 19-24 
nanoCOlnposltes. . 
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Experiment Section 
A. Materials 
Multiwalled carbon nanotubes (MWNTs, Nanocyl 7000, 900/0 purity) were 
purchased frOln Nanocyl S.A. (Belgium). The nanotubes were fabricated by the 
catalytic carbon vapor deposition process without any further purification. Their 
average dianleter and length were approxitnately 10 nm and 1.5 ~m, respectively, and 
their surface area ranged between 250 and 300 m2g- l . 
Styrene-butadiene rubber (SBR) (Buna VSL 5025-0, Bayer) was supplied by 
Formix (Orleans, France). It contained 25 \\7t% of styrene unit and a butadiene phase 
w'ith cis (10%), trans (17%), and vinyl (73%) configurations. It was compounded with 
sulfur (1.1 phr), stearic acid (1.1 phr), cyclohexylbenzothiazole sulfenamide (1.3 phr), 
diphenylguanidine (1.45 phr), and zinc oxide (1.82 phr). The unit of nleasurement 
·'phr" stands for parts per hundred parts of rubber by weight. 
B. Preparation of SBRlMWCNT Nanocomposites 
An appropriate amount of MWNTs was dispersed into cyclohexane at an 
approximate ratio of 1: 1 0 by weight by sonicating the suspension for 30 min using a 
Vibra-Cell vex 500 operating at 400/0 atnplitude with on and off cycles of 4 sand 2 s, 
respectively. 
The gum containing the SBR rubber and all the ingredients for formulation were 
mixed separately in cyclohexane under magnetic stirring until complete dissolution 
and w'ere then mixed with the MWNTs dispersion. The mixture was subjected to 
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further sonication for 30 n1in if global examination by optical microscopy revealed 
nanotube agglon1eration on a micron1eter scale. The sonication process was followed 
by agitation under lTIagnetic stirring until the solvent was evaporated. Total removal of 
any ren1aining solvent was achieved overnight in vacuun1 at 50°C before cross-linking 
process and filn1 formation. The unfilled and filled san1ples were then cured into 
plaques at 170°C for 10 n1in under a pressure of 150 bar in a standard hot press. The 
thickness of the resulting films was approximately 300 Jlm. 
Raman Measurements 
The setup of Raman equipment is the same as that in chapter1. A laser beam with 
power ranging from 85 Jl W to 7 m W was focused onto a spot size with a diameter of 
~lm, resulting in a power density of 102-104 W /cm2. All the Raman spectra 
reported here were collected with baseline correction. eN4400, an OMEGA 
thern10electric device (Boulder, CO), was used as a temperature controller with an 
accuracy of ±0.1 °e for studying the telTIperature-dependent Raman spectra. 
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Results and Discussion 
Figure 1 shows a companson of the 514.5 nm excited Raman spectra of (A) 
MWCNTs, (B) SBRlMWCNTs (5 phr), and (C) SBR; the laser power was 
approximately 250 ~W. Raman spectra of MWCNTs have been studied extensively, 
and their band assignments are well established.32 A band at approximately 1350 cm- I 
in the Raman spectrun1 of MWCNTs (see Figure 1 A) was assigned to the 0 band, 
which originated from the Sp2 hybridized disorder in the graphitic structure; this 
Raman peak was most sensitive to nanotube alignment.33 The G band at 1580 cln- I 
was attributed to the in-plane vibrations of the graphitic wall. This band is not very 
sensitive to the orientation of MWCNTs, but it can be used to investigate the load 
transfer of nanocomposites. It is also known as the state of filler dispersion. 33-35 
Another characteristic Ran1an band of MWCNTs, named as 20 or G', was identified 
at 2700 cm- 1 in the Raman spectrum of MWCNTs (see Figure 1 A). This band is also 
not sensitive to the nanotube alignment, but it can reflect polymer transition 
inforn1ation and has been used to evaluate the efficiency of stress transfer between the 
polymer matrix and nanotubes. 19:36 Moreover, the 0 and G bands yield information 
about the an10lmt of impurities and degree of disorder in MWCNTs, which helps in 
h d f II·· 3738 t e stu y 0 crysta Inlty.' " 
Most Raman bands of SBR are located in the 1800-900 cnfl (C=C stretching 
vibration and C-H out-the plane bending vibration) and 3200-2800 cm- I regions (C-H 
stretching vibrations) (see Figure 1 C). In the Raman spectrum of SBR/MWCNTs (5 
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phr), all Raman bands of pure SBR became almost negligible. The G and 0 bands of 
MWCNTs were clearly observed at approximately 1570 and 1350 cm-1, respectively, 
in the Raman spectrum of SBRJMWCNTs (see Figure 1 B). A MWCNT is composed 
of several SWCNTs, which can be represented by a single layer of graphite rolled up 
into a semnless cylinder with a common axis. The structural properties of CNTs are 
governed by their special electronic structure and the large-area distribution of 
electronic state intensities.32 As a result, resonance Raman scattering occurs nlore 
easily on MWCNTs as compared to polymers. Thus, the Rmnan spectrum in Figure 1 
B is practically a resonance Raman spectrum of MWCNTs, and it was difficult to 
obtain information about the SBR structure from this spectrum. 
Figure 2 shows the laser-power dependence of the Raman spectra of MWCNTs (a) 
and SBRJMWCNTs (10 phr) (b). The spectra shown in Figure 2 were excited with the 
514.5 nm laser beam, and the laser power was varied from 85 !.1. W to 7 m W. Since the 
thermal conductivity of MWCNTs is much larger than that of SBR (thermal 
conductivity of nanotubes is more than 103 Wm-1K-1, and that of polynleric materials 
is in generaL about 0.1 Wm-1K-1 at roonl temperature39), the heating effect to Raman 
bonds of MWCNTs arises mainly fronl local ternperature (local temperature nleans 
the tenlperature of MWCNTs). Therefore the effect fron1 different absorption 
efficiency of MWCNTs and SBR for the excitation laser may be ignored. Figure 2a 
shows that there was a slight variation in the ID/IG ratio with an increase in the laser 
power. On the other hand, it was interesting to note that, as shown in Figure 2b, ID/1u 
95 
reduced with the increase in the laser power. Finally. the intensity of the G band 
becanle higher than that of the 0 band. 
Further, as seen in Figure 2a, the 0 and G bands of MWCNTs show a shift to lower 
wavenunlbers with increase in the laser power. A lower wavenumber shift was 
observed with temperature increase for all the CNT bands. This can be explained on 
the basis of the elongation of C -C bonds due to thermal expansion.40:41 Disorders or 
defects in CNTs materials give enough flexibility to the CNTs structures to 
d C C I . . h .. 29-31 "42-44 I h accommo ate - e ongatlon WIt Increase In temperature. ' n t e present 
study, the G nlode frequency shifted by about 15 cm- I as the laser power increased 
fronl 85 ~lW to 7 nlW. In a previous study,42 the temperature coefficient of the 
frequency of the G mode was approximately -0.028 cm-I/K. Based on this, the 
temperature range was calculated to be roughly 530 K, which is reasonable according 
to the temperature of CNTs estimated as a function of the incident laser power.29 
Figure 2 (b) shows that, there was a slight shift in the 0 and G bands of MWCNTs in 
the SBR/MWCNT composites with the increase in the laser power, in contrast to the 
result for pure MWCNTs. This observation has already been reported by Kao and 
Young 19 and has been attributed to the state of dispersion of the nanotubes in the 
polymer matrix. 
Until now, there have been limited investigations on the changes in !rile; of CNTs 
and polymer/CNT composites with varying laser power and temperature. According 
to a study by Zhang et aL45 the decrease in I[)/I(i ratios of CNTs with increasing laser 
power indicates a decrease in the anlount of impurities and/or degree of disorders in 
96 
the CNTs. Figure 3 shows the changes in I[)/IG for both MWCNTs and 
SBR/MWCNTs (3, 5. and 10 phr) composites with varyIng laser power. For 
MWCNTs, the I[)/IG ratio showed a small decrease with the initial increase in the laser 
power, and then remained ahnost constant with the further increase in the laser power 
(see Figure 2a and 3). This suggests that with increasing laser power, there was little 
change in the amount of impurities (i.e., other carbonaceous materials such as C60 and 
anl0rphous carbon) or the degree of disorder (such as tangling with each other) in the 
MWCNTs. However. the II/Ie; ratio of SBRlMWCNT composites showed 
significantly different behavior than the MWCNTs. Figure 2b and 3 show that the 
IriIe; ratios of SBRlMWCNTs decreased rapidly with the initial increase in the laser 
power, and the laser-power-dependent variations in the Ililc; ratio were not dependent 
on the MWCNTs contents in the SBRlMWCNT composites. They remained almost 
constant with subsequent increase in the laser power. It should be noted that the 
intensity of the G band became stronger than that of the D band. 
My explanation of this interesting phenomenon is that with increasing laser power, 
the telnperature in the SBR systenl and MWCNTs increased. In air, the stability of 
CNTs is maintained up to temperatures of approximately 1023 K,46 which is much 
higher than that of SBR. The differential scanning calorimetry (DSC) result shows 
that the deconlpose temperature point of SBR starts at around 520 K (250 ) and 
thermogravimetric analysis (TGA) has shown that pyrolysis of SBR occurs at 733 
K.25 During the temperature increase in the SBRlMWCNTs nanocomposites, SBR 
first began to decompose because of its low stability-threshold temperature. On the 
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other hand~ MWCNTs are released from the interaction from the SBR matrix, and 
assume a new separation state to form a better alignment than pure MWCNTs. This 
was demonstrated by the rapid decrease in I[)/IG and the fact that the intensity of the G 
band becaIne nluch higher than that of the 0 band (see Figure 3). Figure 3 also reveals 
that the laser-power and MWCNTs-content dependences of the I[)/IG ratios of 
SBR/MWCNTs were similar. 
The laser-power-dependent shifts in the G band for both MWCNTs and 
SBRlMWCNT composites (1 0, 5~ and 3 phr) are shown in Figure 4. The downward 
shift in the G bands of CNTs with tenlperature increase has been ascribed to the 
elongation of C-C bonds due to thermal expansion. These temperature etTects become 
nlinor in CNT materials that are free of disorder or defects, such as highly oriented 
pyrolytic graphite.42 :47 Figure 4 shows that with the increase in the laser power~ the G 
band shifts to a lower wavenumber for all the samples. However~ as compared to 
MWCNTs, the shift in the G band reduced for the SBR/MWCNT composites~ 
especially when the density of the MWCNTs in the SBRlMWCNT conlposites was 
low. With the increase in the density of MWCNTs in the SBRlMWCNT conlposites, 
the shift in the G band increased and finally became very close to that of pure 
MWCNTs. For SBRlMWCNTs (3 phr) composites, the G band shifted by 9 cm- I as 
the laser power increased from 85 ~l W to 7 m W; the corresponding shift for pure 
MWCNTs samples was about 16 cm- I . 
This interesting phenomenon of different shift behaviors of the G band for 
MWCNTs and SBRlMWCNT composites under laser heating effect could be 
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explained in two ways: One possible reason was that during the increase in the laser 
power. the MWCNTs rearranged themselves in the SBRlMWCNT composites. 
leading to a better alignment of MWCNTs in the composites and reduction in the 
degree of disorders or amount of defects. This phenomenon was also indicated by the 
change in IlilG with laser power (see Figure 3). Another possible reason was that. in 
the SBRlMWCNT con1posites, when MWCNTs were connected to SBR. the SBR 
matrix induced a mechanical compression on the MWCNTs fillers. This shrinkage 
was transferred to the MWCNTs system. blocking the expansion of the MWCNTs 
with increasing temperature. The mechanical compression from the surrounding 
polYlner to CNTs has been studied in detail. 5A8 According to previous studies, shift in 
the G band of Raman spectrum of CNTs embedded in a polyn1er matrix has been 
attributed to the transfer of shrinkage and thermal stresses from the polymer to the 
CNTs.J5 Moreover, it has been found that the G band of MWCNTs shifts to a higher 
wavenun1ber with hydrostatic pressure fron1 a diamond anvil cell (DAC).48 In 
polymer/CNT composites. because the polymer n1atrix transfers the hydrostatic stress 
to the CNTs, it is also very likely that the G band shows a Raman frequency shift 
because the polymer matrix forms a compressive envelope around the nanotubes. In 
the present work, a difference of approxilnately 7 cm- I was caused in the G band shift 
between MWCNTs and SBRlMWCNTs (3 phr) with the increase in laser power from 
85 !l W to 7 m W. In a previous study on the frequency shift of the G band in a Raman 
spectrUln of SWCNTs with hydrostatic pressure fron1 a diamond anvil cell,48 the G 
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band shift to a higher wavenumber by about 7 cnl- 1 was found to correspond to an 
increase in pressure by about 200 MPa. 
The effects of tClnperature on the Ranlan spectra of SBR/MWCNTs were also 
investigated by using a telnperature controller. Figure 5 shows the Raman spectra of 
SBR/MWCNTs (5 phr) measured at 303,363,393,483. and 723 K. It can be seen that 
the telnperature dependence of Raman spectra of SBRlMWCNT composites 
investigated by using the tenlperature controller is consistent with that observed by 
varying the laser power. The I[)/Ie; ratios of the SBRlMWCNT cOlnposites reduced 
considerably with increasing temperature, indicating better alignment and reduction in 
the degree of disorder in the MWCNTs of the SBR matrix. At the same time, the G 
band showed a weak shift. This was explained by the reduced degree of disorder in 
MWCNTs and the mechanical conlpression induced by the SBR matrix. 
100 
Conclusion 
This article has reported the laser heating effect on the Raman spectra of 
MWCNT-based polymer nanocomposites. When the laser power was increased, the 
ID/IG ratios of the MWCNTs in the SBR/MWCNTs nanocomposites showed a rapid 
decrease in the initial stages~ finally, the intensity of the G band became stronger than 
that of the 0 band. On the other hand, the ID/IG ratios of the MWCNTs showed only a 
slTIall decrease. The results for the nanocomposites indicate that the amount of 
impurities or degree of disorders in the MWCNTs in the SBRlMWCNTs 
nanocomposites decreased considerably. The different behavior of ID/IG during laser 
heating between the SBR/MWCNT composites and MWCNTs suggests that the 
MWCNTs in the SBR/MWCNT cOlTIposites rearranged themselves during the 
increase in the laser power. Moreover, the G band of the SBRlMWCNTs 
nanocomposites showed a sn1aller downward shift with temperature increase as 
compared to that of MWCNTs. This result may be explained in two ways. One 
possible reason was that, when the laser power was increased, MWCNTs in the 
SBR/MWCNTs systen1s underwent rearrangen1ent; the improved alignment reduced 
the degree of disorder or an10unt of defects. The other possible reason was that the 
transfer of mechanical cOlTIpression frOlTI the SBR lTIatrix to the MWCNTs, resulting 
in shrinkage of the MWCNTs. A further thermal behavior study, particularly on SBR 
is expected by analyzing both Raman and infrared bands of SBR. 
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